The 0 0 0 B 2 B 1 -X 2 A 1 band of CaNH 2 has been recorded at high resolution with a laser ablation molecular beam spectrometer. This B 2 B 1 state is the last of the low-lying electronic states of CaNH 2 to be characterized. The pure precession model, which has previously been used to describe the spin-rotation interactions in this family of molecules was used to interpret and correctly assign the spectrum. The detailed analysis of the high resolution spectrum and energy level structure of the B 2 B 1 state is presented.
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I. INTRODUCTION
The analysis of the B 2 B 1 -X 2 A 1 transition completes the high resolution spectroscopic study of the low-lying electronic states of CaNH 2 .
1,2 The monovalent derivatives of the alkaline-earth molecules ͑MX, MϭMg, Ca, Sr, Ba͒ have an electronic structure that can be described by a one-electron hydrogenic picture. This rather unique property is partly responsible for the many research papers devoted to this family of molecules. 3, 4 The study of the metal-ligand bond is an important aspect of modern chemistry and the alkaline-earth molecules have given researchers 3, 4 ample opportunity to study the metal-halide, metal-oxygen, metal-carbon, metal-sulfur, and metal-nitrogen bonds. Molecules with metal-oxygen bonds are important in atmospheric and combustion chemistry, 5, 6 while metal-carbon and metalnitrogen bonds are found in biological systems, 3, 4 such as the active sites of enzymes, while metal-sulfur systems have applications in industrial chemical processes.
While the spectroscopy of the low-lying electronic states of alkaline-earth molecules is fairly well understood, the reactions which generate them are not. Studies to date have been concerned with the reaction of an alkaline-earth atom with water or alcohols. In the two mechanisms that have been proposed, the rate limiting step is the insertion of the metal atom into the H-OR bond. This step forms an intermediate species such as H-Ba-OR ͑RϭH, CH 3 , C 2 H 5¯͒ . Different products can be generated from this reaction where BaH, BaO or BaOR have all been observed under widely different experimental conditions. The dynamics of a few reactions of H 2 O and ROH with alkaline earths have been studied in detail and they show that the reactivity is strongly dependent on the electronic state of the alkaline-earth atom [7] [8] [9] and also on the size of the reacting species. [10] [11] [12] For example, ground state Ba atoms react with H 2 O to give predominantly the BaO product while 1 D Ba atoms favor the BaOH product, even though BaO is favored on energetic grounds. 13 There is a great need for experimental work on the kinetics and dynamics of the reactions before a good understanding of the reaction mechanisms can be achieved.
The spectroscopy of the high-lying or Rydberg electronic states of the alkaline-earth molecules has also not been extensively studied. 15 It is well known that the bonding in the low-lying electronic states is predominantly ionic leading to linear geometries. Further theoretical and experimental work needs to be done to determine what dictates the geometry in the excited state.
We have previously reported the high resolution analysis of the C -X system of CaNH 2 2 and this work was preceded by a high resolution analysis of the Ã -X system by Marr et al. 1 Other work on CaNH 2 has included low resolution studies in a Broida oven 17, 18 and a moderate resolution study using a laser ablation molecular beam spectrometer. 19 In this paper we discuss the spectroscopy of the B 2 B 1 -X 2 A 1 system and the details of the pure precession model that helped us to correctly assign the spectrum.
II. EXPERIMENT
The experimental apparatus consists of a source compartment containing a Smalley-type laser ablation source and a second detection chamber. The experimental arrangement has been described in previous publications. 2, 20 Briefly, a 10 ns pulse of 532 nm radiation from a Nd:YAG ͑Continuum: Surelite͒ laser is gently focused onto a rotating calcium rod. The laser-produced metal plasma reacts with ammonia gas coexpanded with an inert carrier ͑5% NH 3 in Ar͒ which is held at 50-60 psi behind a pulsed valve ͑10 Hz͒. The s after the laser ablation pulse. This is the time required for the CaNH 2 molecules to travel the 15 cm to the detection region. The LIF passes through a 630Ϯ5 nm bandpass filter and is collimated with a 1.5 in. lens and focused onto a photomultiplier tube with a 7 in. lens. A 5 mm aperture is used to limit the field of view and it reduces the Doppler linewidth to approximately 150-200 MHz. The laser was calibrated by splitting off a small fraction of the beam to record the LIF spectrum of I 2 in a static gas cell. 21, 22 
III. RESULTS AND ANALYSIS
The Ã -X and C -X band systems of CaNH 2 have previously been recorded and analyzed at high resolution. A detailed analysis of B 2 B 1 -X 2 A 1 transition, which occurs near 629 nm, has not been carried out. However, the low resolution laser excitation spectrum has been studied, initially in a high temperature source ͑Broida oven͒ 18 and later with a laser ablation/molecular beam spectrometer 19 using a pulsed dye laser as a probe.
CaNH 2 is a planar (C 2v ), near prolate asymmetric top molecule, and thus the electronic transitions can be classified as parallel ͑a-type͒ or perpendicular ͑b-or c-type͒. The B -X transition corresponds to the promotion of an electron from a ground state metal-centered s-type orbital to a predominantly metal-centered p x -type orbital ͑see from a different K a Љ value of the molecule. The selection rule for a c-type transition is, ⌬K a ϭϮ1 (⌬K c ϭ0) giving rise to (K a Ј←K a Љ) 0-1, 1-0, and 2-1, etc., subbands. As was found with the C -X transition of CaNH 2 , the free jet expansion cools all of the ortho ͑odd K a Љ͒ rotational levels into K a Љϭ1 and the para ͑even K a Љ͒ levels into K a Љϭ0. But, unlike the parallel C -X transition, where all of the subbands are overlapped due to the ⌬K a ϭ0 selection rule, the subbands of the B -X transition are separated by approximately 26 cm
Ϫ1
. Therefore, the high resolution analysis of this band system is somewhat simpler than the spectrum of the C -X transition.
The appearance of the high resolution spectrum can be related to analogous transitions of a diatomic or linear molecule. The 0-1 ͑Fig. 1͒ subband has the appearance of a 2 ⌺ -͓Hund's case ͑b͔͒ 2 ⌸ transition while the 1-0 ͑Fig. 2͒ . The splitting of the F 1 and F 2 spin components in the excited electronic state is approximately given by, ⑀ aa K a , so the term ͉⑀ aa /(BϩC)J͉ӷ1, even for low J(р20) in SrNH 2 . Thus the K a у1 levels will approximate case ͑a͒ behavior in SrNH 2 because of the large value of ⑀ aa in the Ã and B states. The transition from pure case ͑a͒ behavior to intermediate case ͑a͒-͑b͒ behavior begins at high rotational angular momentum (JӍ50). Some spin uncoupling was observed in the Ã -X and B -X transitions of SrNH 2 , since high J rotational levels were populated in the Broida oven source. 23 High J rotational transitions were not observed in the cold spectrum of CaNH 2 recorded in this work.
The difference between case ͑a͒ and intermediate case ͑a͒-͑b͒ behavior can clearly be seen by comparing the spectra of the 1-0 ͑Fig. 2͒ and 2-1 ͑Fig. 3͒ subbands. The 2-1 subband corresponds to a case ͑a͒ 2 ⌬ -case ͑b͒ 2 ⌸ transition of a linear molecule. The separation between F 2 and F 1 spin-rotation components in the excited state is roughly 17 cm Ϫ1 (͉⑀ aa K a ͉ϭ15.1 cm
), while the corresponding splitting in the 1-0 band ((
. A clear separation of the band origins of the F 1 and F 2 components is quite evident in the spectrum of the 2-1 subband but is not clearly observed in the 1-0 subband.
The fine structure of the K a ϭ0 rotational levels arises from spin-rotation interactions, where the splittings are proportional to 1 2 (⑀ bb ϩ⑀ cc ). These levels are labelled F 1 and F 2 according to the total angular momentum J ͑ϭNϮ 1 2 , ϩ for F 1 , Ϫ for F 2 ͒. In rotational levels with K a 0, the splitting of the F 1 and F 2 components are equivalent to a ''spinorbit'' splitting which is proportional to ⑀ aa K a . This is because the spin-rotation interactions are dominated by second order spin-orbit effects rather than first order coupling between electron spin and nuclear rotation. The second order nature of the spin-rotation interaction allows one to derive simple formulas ͑pure precession model, 2 Coriolis interaction 19 ͒ for the spin-rotation parameters. The small splitting within each component is due to slight asymmetry in the molecule.
The energy level diagram for a 1-0 subband is given in Fig. 4 , the transitions are labeled according to the recommendations of Marr et al.,
There are a total of 12 allowed branches in the 0-1 and 1-0 subbands and 8 were observed for the 0-1 subband while 11 were observed for the 1-0 subband. In the 2-1 subband 14 of the 24 possible branches were observed. Energy level diagrams for the 0-1, 1-0, and 2-1 subbands are depicted in Figs. 4-6 . The labeling of the F 1 and F 2 components in a case ͑a͒ electronic state of an asymmetric top molecule can lead to some confusion. One can choose F 1 and F 2 according to the sign of ⑀ aa ͓⑀ aa Ͼ0 regular case ͑a͒, ⑀ aa Ͻ0 inverted case ͑a͔͒, or, the conventional spectroscopic method based on a Hund's case ͑a͒-case ͑b͒ correlation diagram between N and J which leads to the identification of the F 1 and F 2 spin labels. 24 In the paper by Marr et al., they chose F 1 and F 2 based on the sign of ⑀ aa , we, however, choose the conventional scheme. The choice of the labeling scheme, however, does not effect the molecular constants or the J assignment. For example, fitting the data of Marr et al. using our nonlinear least squares program gave identical constants to those in the published literature. 1 The differences arise in the label of each rotational level (N KaKc ) and the spin labels, F 1 and F 2 . Using the notation adopted here, the F 1 and F 2 labels for the assigned branches of the 1-0 and 2-1 subbands in the Ã 2 B 2 -X 2 A 1 transition should be interchanged and the N ͑and K c ͒ quantum number label should be increased by 1 for the F 1 component and reduced by 1 for F 2 , For example, the P P 22 N branch becomes O P 12 N , since the rotational transitions are relabeled, (F 1 )2 21 ←(F 2 )4 14 , from (F 2 )3 22 ←(F 2 )4 14 in Fig. 5 of Ref.1. In the paper of the C -X band system of CaNH 2 , 2 we had labeled the rotational levels of the excited state in the 1-1 subband using the scheme of Marr et al. For consistency we reproduce the energy level diagram using the scheme adopted in this paper ͑see Fig. 7͒ . The 0-0 energy level diagram depicted in Fig. 3 The assignment of the B -X spectrum was carried out in a using a color Loomis-Wood program 25 to sort the branches, and ground state combination differences were calculated with the constants of Marr et al. There were, however, problems in fitting the assigned lines. There was difficulty in simultaneously fitting all the branches with the inclusion of the highest J lines. It was reasoned that there were perturbations in the B state similar to those found in the 26, 27 and spin-rotational, 28 alleviated the difficulties associated with fitting all the branches of each subband simultaneously. Perhaps these high order constants take into account the interactions with distant vibronic levels of the Ã state.
The molecular constants for the B 2 B 1 and X 2 A 1 states are reported in Table I . These constants are obtained from fitting the data of all three low-lying electronic transitions (
͒. A version of this table was published in the C -X paper, but since then we have investigated the spin-rotation parameters more carefully. In the pure precession model, the spin-rotation parameters can be predicted using a simple formula, for example, the interacting pair of states due to rotation about the b axis ͑B and C states͒, gives the following formula for the second order correction to ⑀ bb :
where the top sign refers to the lower lying electronic state and lϭ1 for p orbitals. This model also predicts that ⑀ cc (2) . At the time of publication we believed the large discrepancy between the observed values and the predicted values were due to the failure of the pure precession model which assumed that the unpaired electron belongs in an pure p-type orbital. It was suggested to us 29 that perhaps the values of ⑀ bb and ⑀ cc could be interchanged to improve the agreement with the predictions of the pure precession model. In terms of fitted constants, this would mean that the observed value of the term, 1 4 (⑀ bb Ϫ⑀ cc ), would have to change sign in the B 2 B 1 state. This term is a correction term due to the slight asymmetry ͑indicated by ␥ϭ1 or ␥ϭ0͒ of the molecule in a particular rotational level (N K a K c ) with K a 0. By simply changing the sign of this term and leaving all other constants unchanged, it was found that the residuals of the fit in the 1-0 subband were more than an order of magnitude larger than the uncertainty of their line positions. This is because the asymmetry splitting in K a ϭ1 is significantly larger than in K a ϭ2. We then interchanged the assignment of the asymmetry components in the 1-0 subband and refit the data. This reassignment reduced the residuals down to the experimental uncertainty of the line positions and the sign of the term, , which is in much better agreement with the pure precession model. This was further confirmed by finding the first lines in the spectrum of the 1-0 subband. The first line of the P P 11 (1.5) branch is predicted to occur at 15 903.2289 cm
. The observed line was found at 15 903.2224 cm Ϫ1 confirming the correctness of the new assignment of the 1-0 subband. We have also confirmed the assignment of the asymmetry components of the C -X transition. In this case, the prediction for the first line of the P P 11 1 (1.5) is 17 374.5830 cm Ϫ1 which should be compared to the observed position at 17 374.5765 cm
. The usefulness of the simple pure precession model is illustrated by this example.
IV. CONCLUSION
Laser ablation sources coupled with supersonic expansions have provided researchers with a powerful technique for the analysis of the electronic spectra of polyatomic molecules. These spectra could not be recorded easily in any other way regardless of the resolution of the probe laser. High temperature sources such as the Broida oven was the most widely used method to generate the alkaline earth containing diatomic and polyatomic molecules. This method is not suitable for the rotational analysis of larger polyatomic molecules. It is only from high resolution studies that we can elucidate the details of structure and bonding in molecular systems.
The pure precession model has been used to describe the spin-rotation interactions in the alkaline-earth family of molecules. 3, 4 We have presented a case where the model can be used to help correctly assign the spectrum of an open shell asymmetric molecule. The utility of this model for other polyatomic molecules with more complex spectra should be of considerable interest.
